Nanoparticles reveal that human cervicovaginal mucus is riddled with pores larger than viruses The mechanisms by which mucus helps prevent viruses from infecting mucosal surfaces are not well understood. We engineered non-mucoadhesive nanoparticles of various sizes and used them as probes to determine the spacing between mucin fibers (pore sizes) in fresh undiluted human cervicovaginal mucus (CVM) obtained from volunteers with healthy vaginal microflora. We found that most pores in CVM have diameters significantly larger than human viruses (average pore size 340 AE 70 nm; range approximately 50-1800 nm). This mesh structure is substantially more open than the 15-100-nm spacing expected assuming mucus consists primarily of a random array of individual mucin fibers. Addition of a nonionic detergent to CVM caused the average pore size to decrease to 130 AE 50 nm. This suggests hydrophobic interactions between lipid-coated "naked" protein regions on mucins normally cause mucin fibers to self-condense and/or bundle with other fibers, creating mucin "cables" at least three times thicker than individual mucin fibers. Although the native mesh structure is not tight enough to trap most viruses, we found that herpes simplex virus (approximately 180 nm) was strongly trapped in CVM, moving at least 8,000-fold slower than non-mucoadhesive 200-nm nanoparticles. This work provides an accurate measurement of the pore structure of fresh, hydrated ex vivo CVM and demonstrates that mucoadhesion, rather than steric obstruction, may be a critical protective mechanism against a major sexually transmitted virus and perhaps other viruses.
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Mucus forms a continuously renewed, semipermeable viscoelastic barrier that coats all mucosal surfaces of the body, including those of the eyes and the respiratory, gastrointestinal, and female reproductive tracts (1) (2) (3) . Mucus helps to protect these surfaces from infection and injury, but pathogens and toxic particles that are able to penetrate the mucus coat may more readily harm the underlying tissue (3, 4) . At the nanoscale, mucus is a heterogeneous mesh network of mucin fibers in a low-viscosity (watery) interstitial fluid (5) (6) (7) (8) (9) . It is generally believed that mucus gels sterically exclude pathogens and other particles that are larger than the effective pore sizes in the mesh network. The view that mucus protects by steric exclusion was supported by a prior investigation, which demonstrated that small virus-like particles consisting of the capsids of Norwalk virus (38 nm) and human papilloma virus (HPV; 55 nm) diffused through human ovulatory cervical mucus (OCM) at the same speeds at which they diffuse through water, while a larger enveloped virus, herpes simplex virus (HSV; 180 nm), was greatly slowed (8) . Assuming that HSV was stopped by steric obstruction, the authors estimated the average pore size of human OCM to be approximately 100 nm (the approximate size of many human viruses). Despite major advances in elucidating the biochemical structure of mucin fibers and 30 years of microscopic observations of mucus gels, the microstructure or pore size of mucus gels in their native, hydrated state remains uncertain. Electron microscopy of human cervical mucus has produced a wide range of pore size estimates depending on the methods used, from approximately 100 nm by using SEM (10) or DMSO-mediated glutaraldehyde fixation and transmission electron microscopy (TEM) (8) , to 500-800 nm by using freeze substitution and TEM (11) , and even 1,000-10,000 nm or larger by using various conventional EM procedures (12) (13) (14) .
We reasoned that the thermal motions of non-mucoadhesive nanoparticles could reveal the microstructure of mucus as experienced by virus-sized objects and that these probe particles could be introduced into fresh, native mucus samples with minimal perturbation. As particle size increases to approach the mucus pore size, steric obstruction should increasingly restrict the free diffusion of the probe particles. This approach requires, however, that nanoprobes be engineered to avoid adhesive interactions with mucus (1, 8, 15, 16) , making them unsuitable as probes of mucus microstructure. To address this problem, we recently engineered nanoparticles densely coated with low molecular weight polyethylene glycol (PEG) and showed that they do not adhere to mucus (6, 17) . Here, we use non-mucoadhesive nanoparticles to provide a reliable estimate of pore sizes in fresh, minimally perturbed human cervicovaginal mucus (CVM). We then show that CVM provides protection against HSV penetration not by steric obstruction, but rather by highly effective adhesive interactions.
Results
Mucus Pores Are Much Larger Than Predicted by Mucin Fiber Diameter and Concentration. We added fluorescent, non-mucoadhesive (i.e., densely coated with PEG) nanoparticles to fresh, undiluted human CVM obtained from donors with healthy vaginal microflora and quantified the particle motions by using high-resolution multiple-particle tracking (MPT) (6, 18) . PEG-coated 100-, 200-, and 500-nm particles rapidly penetrated mucus, with geometric ensemble mean squared displacements (hMSDi) that were 6,000-, 600-, and 400-fold higher, respectively, than uncoated (mucoadhesive) particles of the same size (Fig. 1A) (6) . The non-mucoadhesive surface of PEG-coated particles resulted in ensemble effective diffusivities at a time scale of 1 s that were only 6.5-, 3.5-, and 12-fold lower than those for the same particles in water, respectively. In contrast, the diffusivity of 1-μm PEGcoated particles in mucus was approximately 200-fold slower than in water (Fig. S1 ), likely due to significant steric obstruction by mucus mesh elements.
To determine the effective size of pores in mucus, we fitted the measured diffusion rates of probe particles to Amsden's obstruction-scaling model (19, 20) for entangled and cross-linked gels (8, 21) . We found that the average pore size of minimally perturbed human CVM is at least 340 AE 70 nm, with a broad distribution (Fig. 1B) . The largest 10% of pore sizes experienced by the particles were >750 nm, whereas the smallest pores were no larger than 50 nm. Overall, approximately 25% of the pores sampled by probe particles were larger than 500 nm and more than 80% were larger than 200 nm.
Mucins are long, flexible and highly glycosylated proteins, with a fiber diameter of 5-10 nm based on their biochemical structure and as confirmed by both negatively stained electron microscopic images of individual mucin fibers (22, 23) and by the DMSOmediated glutaraldehyde fixation method (1) . The concentration of mucins in mucus gels typically ranges between 1-5% (1, (24) (25) (26) (27) (28) . Based on these values, a cubic lattice model that assumes mucins to be long rigid polymers predicts an average pore size of 40-100 nm. If mucins are instead assumed to be flexible polymers (29, 30) , the predicted pore size is approximately 15-50 nm (31). Therefore, the rapid diffusion of 500-nm PEG-coated nanoparticles indicates that individual mucin monomers must be condensed and/or bundled together into thick cables in CVM, markedly increasing the pore size. Based on lattice modeling, the average pore size of 340 nm measured here implies that mucin cables in CVM are, on average, 3-6 times thicker than the approximately 10-nm diameter of a single mucin fiber.
CVM Mucins Are Condensed and/or Bundled into Thick Cables via
Hydrophobic Interactions. Mucins have short hydrophobic domains (lipid-coated, nonglycosylated, cysteine-rich domains) interspersed between long glycosylated regions (5, 32) . The negatively charged glycosylated domains likely repel each other, but the hydrophobic domains may cause mucins to self-condense and/ or bundle together (33) (34) (35) . To test this, we added 1% vol/vol of a nonionic detergent, (nonylphenoxy)polyethylene oxide, to the same mucus samples and again characterized the pore size. Addition of this detergent had no effect on the diffusion rate of the 100-nm probe particles, but markedly decreased the diffusion rates of 200-and 500-nm probe particles, by 160-and 140-fold, respectively (Figs. 2A and S2). Addition of the same volume of PBS instead of the detergent did not affect particle motion in mucus. The average pore size after detergent treatment was 130 AE 50 nm, with a much narrower distribution than in native mucus (Fig. 2B ). The percentage of pores larger than 200 nm decreased from >80% in unmodified CVM to <15% in detergent-treated CVM. Thus, treatment of mucus with a nonionic detergent strongly debundled the mucins, suggesting that the condensation and bundling of mucin fibers to form thick cables in unmodified CVM is largely driven by hydrophobic interactions.
Mucoadhesion, Not Steric Obstruction, Traps HSV in CVM. Most mammalian viruses are substantially smaller than the average pore size of CVM measured here, suggesting that mucus gels are unlikely to block virus penetration by steric obstruction as previously speculated. However, viruses and particles smaller than the pores can be trapped by adhesive interactions with the mucus gel. We investigated the translational motions of HSV (diameter approximately 180 nm) in CVM and compared its motions with those of 200-nm PEG-coated particles. The diffusion of HSV was strongly hindered in CVM obtained from women with healthy vaginal microflora (Fig. 3A) . In fact, HSV was essentially trapped, moving at least 8,000 times slower than the slightly larger mucuspenetrating nanoparticles in CVM ( trapping by mucus, reflected by the time-lapse traces of individual virions, was comparable to that of uncoated polystyrene particles, which are essentially permanently immobilized in CVM by polyvalent adhesive interactions. Similarly, the α value, which reflects the extent of impediment to free diffusion (α ¼ 1 for free diffusion; α < 1 indicates increasing impediment to particle movement as α decreases; see Methods) (6), was 0.18 for HSV compared to 0.16 and 0.36 for 100-and 200-nm polystyrene particles, respectively (6). These results indicate that HSV is trapped by mucoadhesion rather than by steric obstruction (Fig. 3C ).
Discussion
The extent and mechanisms by which mucus secretions protect against pathogen penetration are largely unknown. Previous work, based on the transport rates of various viruses, estimated the average pore size of OCM to be approximately 100 nm (8) . This expectation was supported by the approximately 100-nm pore size indicated by electron microscopy of OCM by using DMSO-mediated glutaraldehyde fixation (1), the only fixation method that yields images consistent with the approximately 10-nm fiber diameter expected from the well-established biochemical structure of individual mucin fibers. It was also supported by the observation that HSV, a virus with a diameter (180 nm) substantially larger than 100 nm, was immobilized in human OCM (8). The 10-to 100-fold higher mucin content in CVM and other mucus secretions compared to OCM (1) was expected to lead to pores that are substantially smaller than those found in OCM, and therefore smaller than most viruses. However, our results suggest that mucin fibers in CVM must be condensed and/or bundled together to form thick cables that create large pores on the order of hundreds of nanometers. With pores so large, CVM is not likely to block most viruses by steric obstruction. Thus, to form a substantial protective barrier against viruses, the mucus gel must instead trap them by adhesive interactions. We find that CVM almost certainly traps HSV (180 nm) by adhesive interactions because larger, non-mucoadhesive nanoparticles (200 and 500 nm) diffuse through CVM at markedly faster rates (10 3 -to 10 4 -fold difference). We have also recently discovered that cell-free HIV (120 nm) is trapped in acidic CVM (36) , providing another example of a virus whose diffusion is most likely slowed or stopped by adhesive interactions with mucus. In contrast to HSV, virus-like particles consisting of the capsids of Norwalk virus and HPV diffuse through human OCM as fast as they diffuse through water (8) . These capsid viruses are small enough to fit into the large pores in CVM, and likely avoid mucoadhesive interactions by having surfaces that are densely populated with equal numbers of positive and negative charge groups (yielding a net neutral charge) as well as by having minimal to no exposed hydrophobic surfaces that might adhere to the lipid-coated "naked protein" domains of mucins (1). The mechanism by which HSV is adhesively trapped in mucus remains unclear; however, HSV is an enveloped virus with a surface that is expected to be more hydrophobic than that of small capsid viruses (1, 37) . We previously found that hydrophobic interactions between particles and mucus are sufficiently avid to strongly impede the motions of latex particles with diameters of 59-1000 nm (6, 8) . Indeed, at high particle concentrations, hydrophobic interactions can cause mucin fibers to aggregate about and thereby permanently trap the particles (8) . In this study, the immobility HSV (~180 nm) PEG coated particle (~200 nm) of HSV is unlikely a byproduct of a high particle concentration, because we used a virus concentration several orders of magnitude lower than the concentration of uncoated latex particles necessary to collapse mucus fibers. We observed a uniform distribution of HSV particles in CVM with no aggregation of fluorescence, a hallmark of particle-induced mucin aggregation (8) . Numerous electron microscopy observations have indicated that mucus gel structures consist of cables much thicker than individual mucin fibers, with pore sizes that vary over a 100-fold range (approximately 100 nm to over 10,000 nm) depending on the method of sample preparation as well as the source of mucus. This sensitivity to the preparation method suggests that mucus gels can be altered by methods that require dehydration and/ or fixation, such as electron microscopy. Instead, determining the effective pore size as experienced by viruses and nanoparticles requires methods that minimally perturb mucus samples. The pore size we observe in CVM is most consistent with electron microscopy images of human OCM obtained by using a snapfreeze (liquid Freon at 170°C) followed by a freeze-substitution fixation method (11) . This appears to be the only published method that preserves a similar degree of mucin fiber condensation and/or bundling as what we infer from the diffusion rates of mucus-penetrating nanoparticles.
That a nonionic detergent markedly reduced the pore size in CVM suggests that the hydrophobic domains of mucins cause them to condense and/or bundle into thick cables. Surprisingly, we found that the addition of the nonionic detergent did not significantly alter the macroscopic viscoelastic properties of CVM (31) . Thus, mucus pore size may be modulated independently of mucus macroscopic viscoelasticity. These results suggest that topical applications of surface-active agents might be used to alter the effective pore size for therapeutic or prophylactic purposes without altering the bulk viscoelastic characteristics critical for mucus transport mechanisms (e.g., mucociliary and peristaltic transport) (1, (38) (39) (40) (41) . Numerous vaginal microbicides that have been tested in humans possess strong surfactant properties and, therefore, may also alter mucus pore size. However, most of these agents caused substantial toxicity to the vaginal epithelium by damaging cell membranes, and therefore failed to reduce (or in some cases even increased) infection rates (42) (43) (44) (45) . Thus, whereas our results suggest that the use of surface-active agents may help limit infection by decreasing the flux of pathogens to the epithelium, this hypothesis can only be tested with agents that do not simultaneously compromise the epithelial cell layer.
Bundling of mucin fibers may be critical for the ability of mucus to maintain its bulk rheological properties in response to shear over large distances. In particular, mucin-mucin adhesive interactions (that cause bundling) may be important for rapid recovery of the bulk viscoelasticity of polymer gels after a large strain (1, 46) . Multiple hydrophobic interactions between mucin fibers may therefore enable mucus to be cleared efficiently by cough clearance (slower recovery of elasticity, which may occur in the absence of these adhesive interactions, might cause mucus to drip back into the lungs). Rapid recovery of elasticity likely also helps to maintain good lubrication properties during repeated large strains, as in rapid eye blinking and copulation. Finally, previous work by Matsui et al. has demonstrated that the increased viscoelasticity and/or reduced pore size of dehydrated airway mucus, such as in cystic fibrosis (47) , effectively prevent the migration of neutrophils, perhaps partly explaining the persistence of bacterial infections in CF patients (48) .
Mucosally transmitted pathogens must penetrate the mucus barrier to infect target cells. Our result that HSV is strongly trapped in CVM from women with healthy, lactobacilli-dominated vaginal microflora suggests "healthy" CVM offers considerable protection against HSV penetration to the underlying epithelium. However, the seroprevalence of HSV-2 (commonly associated with genital transmission) is as high as 25% among sexually active adults in the US (49) and substantially higher in developing countries (50) . A plausible explanation for this paradox is that the capacity of healthy CVM to adhesively trap HSVand other pathogens may be compromised by physicochemical alterations to the mucus gel. Only about 40% of sexually active women in the US have healthy vaginal microflora, whereas the remainder of women experience an overgrowth in anaerobic bacteria, resulting in intermediate microflora or bacterial vaginosis (BV) (51) . BV is characterized by high concentrations of mucin-degrading enzymes and more watery (low viscoelasticity) cervicovaginal secretions (52) . Importantly, women with BV are at markedly increased risks of infection by various sexually transmitted pathogens, such as HIV-1 (53, 54) and HSV-2 (55). Thus, adhesive trapping of pathogens in CVM may be substantially reduced in women with BV or intermediate microflora. It also remains to be established whether adhesive trapping of viruses may be compromised when seminal fluids are mixed with CVM. Studies of virus transport in midcycle (ovulatory) mucus, cervicovaginal secretions from women with BV, and CVM mixed with semen are important next steps in our understanding of the protective role of female genital mucus secretions against pathogens and when protection may be compromised.
Weanticipatethatourinitialexplorationusingnon-mucoadhesive nanoparticles to observe the effective pore size of CVM will enable further investigations of diverse mucus secretions (e.g., those of the respiratory, gastrointestinal, and reproductive tracts) to determine the pore size and mucoadhesive interactions experienced by viruses and other nanoparticles in those environments.
Materials and Methods
CVM Collection and Preparation. The cervicovaginal mucus collection procedure was performed as published previously (6, 56) . Briefly, undiluted cervicovaginal secretions from women with healthy vaginal microflora, averaging 0.3 g per sample, were obtained by using a self-sampling menstrual collection device following protocols approved by the Institutional Review Board of The Johns Hopkins University. The device was inserted into the vagina for approximately 30 s, removed, and placed into a 50-mL centrifuge tube. Samples were centrifuged at 1,000 rpm for 2 min to collect the secretions; cells were not separated from the mucus gel under these settings. Collected mucus was used for microscopy within 4 hr. The samples were collected at random times throughout the menstrual cycle but excluding the midcycle ovulatory interval (none exhibited spinnbarkeit). Samples that were nonuniform in color or consistency were also discarded. All mucus samples used in this study were obtained from donors of reproductive age, ranging from 18-to 27-yr old. Donors stated they had not used vaginal products nor participated in unprotected intercourse within 3 d prior to donating. All samples were pH 3.5-4; none had BV by Nugent score and none were obtained during ovulation based on the absence of spinnbarkeit. We did not detect the presence of IgG antibodies against HSV with ELISA in the samples used to study the transport of HSV. CVM naturally contains sloughed epithelial cells. We were careful not to pellet these cells during mucus collection so as to avoid any potential damage that cell pelleting may cause to the mucus structure.
Preparation and Characterization of Non-Mucoadhesive Particles. Fluorescent, carboxyl-modified polystyrene particles sized 100 nm, 200 nm, 500 nm, and 1 μm (Molecular Probes, Eugene, OR) were covalently modified with 2-3.4-kDa amine-modified PEG (Nektar Therapeutics, San Carlos, CA) via a carboxylamine reaction, as published previously (6) . Unconjugated PEG was removed by three rounds of washing and centrifugation, and PEG-coated particles were stored at 4°C until use. A near-neutral ξ-potential, measured by laser Doppler anemometry, was used to confirm PEG conjugation (6) . We previously reported that 100-nm PEG-coated particles were greatly slowed in mucus, and suggested that the particles may have been inadequately PEGylated (6) . We have since shown that the transport of particles in mucus is critically dependent on the density of PEG on the particle surface (17) . This discovery enabled us to prepare 100-nm muco-inert particles for this study that were almost 7,000-fold faster than the 100-nm coated particles from our previous work.
MPT of PEG-Coated Particles in CVM. The trajectories of fluorescent PEGcoated particles in CVM were recorded by using a silicon-intensified target camera (VE-1000, Dage-MTI, Michigan, IN) mounted on an inverted epifluorescence microscope equipped with a 100× oil-immersion objective (numerical aperture 1.3). Experiments were carried out in 8-well glass chambers (LabTek, Campbell, CA) where diluted particle solutions (approximately 10 10 particles∕mL) were added to 250-500 μL of fresh mucus to a final concentration of <2% vol/vol and incubated for 2 hr prior to microscopy. Immediately after imaging of particles in native mucus, 10% wt/vol (nonylphenoxy)polyethylene oxide (Igepal CO-630, Rhône-Poulenc, Courbevoie, France) was added to a final concentration of 1% vol/vol, gently stirred, and incubated for 2 hr prior to a second round of microscopy. Trajectories of n > 120 particles were analyzed for each experiment and at least three experiments in CVM from different donors were performed for each condition. Movies were captured with Metamorph software (Universal Imaging Corp., Downingtown, PA) at a temporal resolution of 66.7 ms for 20 s. The tracking resolution was 10 nm, as determined by tracking the displacements of particles immobilized with a strong adhesive (57) . The coordinates of nanoparticle centroids were transformed into time-averaged MSDs, calculated as hΔr 2 ðτÞi ¼ ½xðt þ τÞ − xðtÞ 2 þ ½yðt þ τÞ − yðtÞ 2 (where τ ¼ time scale or time lag), from which distributions of MSDs and effective diffusivities (D eff ) were calculated, as previously demonstrated (6, 18, 58) . The MSD of nanoparticles vs. τ can also be fit to the equation MSD ¼ 4D 0 τ α to obtain α, the slope of the curve on a log-log scale, which is a measure of the extent of impediment to particle diffusion. Additional information for measuring 3D transport by 2D particle tracking is described in a recent review (18) .
Probing the Structural Arrangement of the Mucus Gel Mesh. The pore sizes between mucin fibers of human CVM were estimated based on an obstructionscaling model pioneered by Amsden and coworkers that was originally developed for covalently cross-linked hydrogels but is equally applicable to gels with physical entanglement cross-links such as mucus (8, (19) (20) (21) . The model is valid when there is no chemical interaction between solute particles and the gel mesh, and particles traveling through the pores of the gel experience the viscous drag of water. The model describes the ratio of diffusion in a gel and diffusion in water as D g ∕D o ¼ expðð−π∕4Þððr s þ r f Þ∕ðr g þ r f ÞÞ 2 Þ, where D g is the diffusion coefficient of the particle in the polymer gel, D o is its diffusion coefficient in water, r s is the particle radius, r f is the gel fiber radius, and r g is the effective radius of the pore. An r f of 3.5 nm was used as the current best estimate for the radius of individual mucin fibers from biochemical, EM, and atomic force microscopy observations (8, 21) . The average effective pore size (2r g ) was obtained by fitting measured transport data via the maximum likelihood method.
MPT of HSV in CVM. GFP-labeled HSV-1 was constructed and generously provided by P. Desai (Johns Hopkins University). To improve the fluorescence labeling for HSV, we further conjugated AlexaFluor 488 to the surface of the virus at an incubation concentration of 10; 000∶1 fluorophore to virus for 1 hr, followed by purification via Sephadex G25 spin column based on the principle of size exclusion chromatography. Conjugation of a high density of AlexaFluor 488 on the surface of non-mucoadhesive synthetic particles did not slow down their transport in mucus (visual observation), suggesting the presence of the AlexaFluor label on a particle surface does not mediate adhesion to mucus. Fluorescent virions (approximately 10 8 -10 9 ∇ viral particles/mL) were added to 30 μL of CVM at 3% vol/vol ratio, placed in a custom-made glass chamber, and incubated for 1 hr prior to microscopy. The translational motions of fluorescent virions were recorded by using an electron-multiplying charge-coupled device camera (Cascade II: 512, Photometrics, Tucson, AZ) mounted on an inverted epifluorescence microscope (3-I Marianas, Zeiss, Thornwood, NY) equipped with a 100× oilimmersion objective (numerical aperture 1.3). Movies were captured with Slidebook 4.2 Advanced Imaging Software (Olympus Soft Imaging Corp., Lakewood, CO) at a temporal resolution of 66.7 ms for 20 s. The translational motions were analyzed as described above (9, 10) . Three independent experiments in CVM from different donors, with n > 100 virions per experiment, were performed for each condition.
